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Magnetic Field Modelling of a Soft Three-Axis
Force Sensor
Damith Suresh Chathuranga, Student Member, IEEE, Zhongkui Wang, Yohan Noh, Member, IEEE,
Thrishantha Nanayakkara, Member, IEEE, and Shinichi Hirai, Member, IEEE,
Abstract—This paper describes the modelling of a soft three
axis force sensor. The sensor has a cylindrical cantilever beam
made of silicone rubber that compress and bend when normal
and tangential forces are applied. The displacement of the beam’s
end is calculated by measuring the change of the magnetic field
emitted by a permanent magnet embedded in the soft beam.
Spring theory and bending theory, are used to calculate the
normal and tangential force components. The normal forces
calculated by the proposed model and the measured values has an
error less than 5% validating the analogy of the sensor to a soft
cantilever beam under compression and bending. The proposed
mathematical model is simple and faster than a finite element
model, and accurately represents the non-linear behavior of the
sensor’s physical effects to applied loads.
Index Terms—Force sensor, Magnetic field measurement, Mod-
elling, Soft embodiment.
I. INTRODUCTION
THE development of soft sensors and transducers hasbecome a research trend in recent years. This growth
is mainly due to the interest in developing soft robots [1],
haptic devices [2], wearable electronics [3], medical instru-
mentations [4]-[5], and many other applications that require
conformation of the sensor or transducer to different shapes.
These applications need soft sensors that are accurate, robust,
impact resistant, chemically inert, and inexpensive, instead
of the bulky, rigid and expensive sensors that are presently
available. Currently, research is being conducted to develop
soft sensors that sense and measure different modalities such
as force [6], pressure [7], strain [8], shear [9], proximity [10],
and temperature [11]-[12]. In this paper, we focus our study
on a sensor (Fig. 1) that measure forces along three axis. The
sensor will be used to develop robotic tactile systems.
Commercially available force and tactile sensors mostly
utilize structures such as beams and columns for sensing force.
A structure is deformed under the external force, and the
deformation in terms of stress, strain, displacement or pressure
is measured using different types of transducers such as strain
gauges, conductive ink, piezoelectric crystals, pressure gauges,
light intensity, and magneto-elastic devices. Soft force sensors,
on the other hand, use the same transduction principles yet are
Manuscript received March 30, 2016. This research was supported in part
by JSPS Grant-in-Aid for Scientific Research 15H02230.
D. S. Chathuranga, Z. Wang and S. Hirai are with the Depart-
ment of Robotics, School of Engineering, Ritsumeikan University, Shiga,
Japan. e-mail: gr0120pr@ed.ritsumei.ac.jp, wangzk@fc.ritsumei.ac.jp, hi-
rai@se.ritsumei.ac.jp
Y. Noh, and T. Nanayakkara is with Departmet of Informatics, King’s
College London, UK. e-mail: yohan.noh@kcl.ac.uk, thrish.antha@kcl.ac.uk
Fig. 1. Force sensor with a soft element covering a permanent magnet. The
soft element is cylindrical and has a hemisphere at the end of the beam. Three
Hall sensors are orthogonally placed around the soft element.
made of soft materials such as plastic [14], silicone [15], yarn
and fabrics [16]. Table I contains a summary of soft sensors
that measure force and stresses made from soft materials
and utilize different transduction principles. The advantages
of these sensors are that they are small, inexpensive and
withstand impulse loads and loads that are much larger than
the rated values. The downsides of these sensors are the none-
linear behavior of measurements, higher hysteresis values, and
inconsistency of the readings [16]. These problems can be
reduced significantly by correctly modelling the sensor output.
If the behavior of the soft embodiment is correctly predicted,
the relationship between the measured value and the sensor
output can be derived and used as the characteristic curves
for the soft sensor. These information can be used to decide
the sensor parameters, operational range, signal filters and
methods to linearise the measured values.
This paper introduces modelling of a three dimensional
force sensor. The sensor has a soft cylindrical beam element
that compresses and bends when a force is applied to the free
end of the beam. A niobium permanent magnet is embedded
inside the cylinder. The displacement of the beam’s free end is
calculated by measuring the change of the magnetic field emit-
ted (using Hall sensors) by the magnet. The first mention of
using Hall sensors for magnetic field measurement regarding
development of tactile sensors was by Clark [36] and Nowlin
[37]. In those studies, prototypes were presented. Next, Torres-
Jara [38], Jamone [39]-[40], Ledermann [33], and Youssefian
[41] presented sensors employing the same principle. Though
these sensors essentially utilize the same sensing concept, the
design of the sensors and the characterization of each sensor
differ from our proposed sensor. The sensors proposed in the
above papers defer mainly because they have a hollow cavity
,making it difficult to withstand loads much larger than the
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TABLE I
SOFT TACTILE SENSORS EMPLOYING DIFFERENT TRANSDUCTION PRINCIPLES TO SENSE FORCE, STRAIN AND STRESS.
Sensing modality Transduction principle Examples Ability to detect dynamic forces (vibrations)
Force Resistivity strain gauges [18] N/A
fabric [16] sample rate 100 Hz
organic semiconductor [19] N/A
piezoresistance/MEMS [20], [21], [22] sample rate 100 Hz
Quantum Tunnelling Composites (QTC) [23] N/A
Microfluidic channels [24] sample rate 100 Hz
Electromagnetic induction [25] sample rate 1 kHz
Light intensity Fiber optic sensor [26] N/A
Shear force Capacitance differential capacitance [27] N/A
Piezoelectric polyvinylidene fluoride (PVDF) films [28] detects vibrations
Resistivity Quantum Tunnelling Composites (QTC) [29],[30] Can sense dynamic loads
Light intensity Photodiode [31] sample rate 30 Hz
strain Resistivity microchannels filled with conductive liquids [32] N/A
Magnetics Magnetic field measurement using Hall sensors [33] N/A
stress Ultrasonic electric impedance of a piezoelectric resonator [34] N/A
Light intensity photodiode [19] N/A
rated value, and the Hall sensors are placed parallel to the
permanent magnet. Our proposed sensor has solid embodiment
and Hall sensors orthogonal to each other. This construction
helps the sensor to calculate the magnet displacement in
the 3D space, while the previous research focused only on
one direction, except for [33]. Furthermore, compared to
the previous sensor structures, the proposed sensors use a
mathematical model that accurately analyzes the relationship
between applied normal and tangential forces, the soft material
deformation, change in the magnetic field due to movement
of the magnet, and the induced voltage of Hall sensors.
Most of the soft force sensors presented in the literature
were modelled using finite element analysis (FEA) [44],
[48]. This is due to the complexity in the sensors physical
effects (deformation of materials) [45], non-linear behaviour in
properties of the sensor [46] and the complex geometric shapes
utilized in the sensors [47]. There were only few examples of
mathematical representations of soft sensors. Even then, most
of the times the geometry of the sensors were simplified to a
simple geometric shape. Van [49] represented a force sensor
that had a hemispherical embodiment to a bundle of beams
that compressed and bent due to normal and tangential forces.
Zhang [50] used a cantilever beam based modeling approach
to model a slip sensor.
In the current study, the sensor’s mathematical modelling
and its characterization was done by representing the sensor
as a single cantilever beam compressed and bent under normal
and tangential forces. This sensor was initially proposed in
[35], and [43] as a tool for minimally invasive surgery,
and a tactile sensor for material classification. This paper
further elaborates on its design, construction and extends the
modelling and characterization. In Section II the operating
principle, and fabrication of the sensor are described. Section
III explains the mathematical modelling of the sensor. Section
IV discusses the results of the simulation and Section V
states the experimental results obtained. Finally, the paper is
concluded with a discussion of the variables influencing the
sensor performance, and future work.
Fig. 2. Deformation of the soft embodiment due to normal (FN ) and tangential
(Fµ ) force.
II. SENSOR
A. Principle
The proposed sensor uses three Hall sensors that are orthog-
onally placed near a cylindrical soft beam made of silicone
rubber. The free end of the beam was made as a hemisphere.
A niobium permanent magnet is embedded in the silicone.
When a force is applied to the free end of the cylinder, it is
compressed and bent, displacing the magnet (see Fig. 2). This
displacement causes changes in the magnetic field near the
Hall sensors. By detecting these magnetic field changes, the
position of the magnet is calculated. Next, trigonometry is used
to calculate the displacement of the free end of the soft beam
element. This deformation is analogues to a soft cantilever
beam under compressive and bending force. Finally, using
spring theory and bending theory, the normal and tangential
force components are calculated.
B. Fabrication
The sensor is constructed with a soft sensing element fixed
to a base (Fig. 3(a)). The base is made of ABS plastic using
a 3D printer. Three Honeywell SS495A Hall sensors are fixed
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(a)
(b)
Fig. 3. (a) An exploded view of the sensor, (b) The molds used for making
the soft element.
to the base orthogonally to each other. The Hall sensors have
directional sensitivity to magnetic flux. Therefore, the sensors
are facing the center of the construction to ensure that a
positive voltage change represents a positive change in the
magnet displacement and a negative voltage change represents
a negative displacement of the magnet in the x,y, or z direction.
The sensing element is made of a soft material (Smooth-on
Dragon Skin 30) embedding a Niobium cylindrical magnet of
diameter 4 mm. The outer layer of the sensing element is made
using molds A and B (Fig. 3(b)). Mold A is inserted into mold
B. Then, soft material mixture is poured in to the mold. Then,
the mould is placed in a vacuum chamber (vacuum pressure
0.1 MPa) to remove the air bubbles. Next, the mold is held at
a temperature of 80◦C, for one hour in an oven to cure. Then,
the part is removed from the oven, and mold A is removed.
The magnet is inserted into the part, keeping the magnetic
North down. The magnet is glued to the soft embodiment so
that the soft body and magnet move together. Next, silicone
rubber is used to cover the magnet and the cavity. The mold
is placed again in the vacuum chamber and then, the oven.
After the layers are formed, the molds are removed. Finally,
the sensor base and the sensing element are fixed together
using adhesive. It should be noted that the total price for the
components of the sensor were not more than $20 making this
construction inexpensive.
III. SENSOR MODELLING
The soft sensing element is a cylindrical cantilever with a
diameter of D that has a hemispherical end (see Fig.4(a)). The
length of the total element is L. The magnet was placed at the
center of the hemisphere. The hemispherical end allows for
(a)
(b)
Fig. 4. (a) Coordinate system used for the calculation of the change in
magnetic flux near the Hall sensors. The Hall sensors are perpendicular to
each other, resulting in x,y,z orthogonal coordinates.Xb,Yb, and Zb are base
coordinates, and Xm,Ym, and Zm are magnet coordinates. The sensor element is
assumed to be a cylindrical cantilever beam element influenced by a horizontal
and vertical load Fµ ,FN . (b) The end of the cylinder has a displacement of
d,δ , while magnet has a displacement of ∆x,∆y and ∆z.
Fig. 5. Magnetic field induced by a magnet at point P.
the use of the assumption that an applied force on the surface
will go through the center of the cylinder, where the magnet is
placed, every time. Outside this soft element, the Hall sensors
on the x,y directions were placed at a distance of f from the
axis of the cantilever. When an external force was applied to
the soft silicone hemisphere, the material deformed, displacing
the magnet ∆x,∆y,∆z. This caused the magnetic field to change
near the Hall sensors. The magnetic field of a permanent
magnet can be calculated from the vector potential: B=∇×A,
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where A is the magnetic potential. Let M be the volume
magnetization of the magnet, nˆ′ be the unit vector normal to
the surface area da′ on the magnet at a location represented
by position vector X′, and µ0 be the permeability of air (it
is assumed that silicon rubber has the same permeability of
air/vacuum). As shown in Fig. 5, the magnetic potential at
arbitrary point P which is presented by position vector X is
given by the following surface integral [42]
A =
µ0
4pi
∮ M(X′)× nˆ′
|X−X′| da
′. (1)
This integral is performed over the entire surface of the
magnet.
For a cylindrical magnet instead of using orthogonal co-
ordinates Xm,Ym,Zm, cylindrical coordinates (α,R,z) is in-
troduced for mathematical simplification. If cylindrical co-
ordinate (φ ,ρ,Z) represents the arbitrary point P (see Fig.
4(a)), equation 1 can be reduced to represent a magnetic field
distribution A on a plane having an angle of φ with ρ axis as
A(ρ,Z) =
µ0
4pi
M
∫∫∫
(z−Z)RdRdzdα[
ρ2−2Rρ cosα+R2 +(z−Z)2]3/2 .
(2)
It can be noted that the magnetic flux is invariant along
directional angle φ as a cylinder has symmetry around the axis.
Therefore it is ignored in the calculations. Above equation can
be simplified to the following to calculate the components of
the magnetic field in z and R directions that represented by
A(Z), A(ρ):
A(Z) =− µ0
4pi
M
2pi∫
0
a∫
0
R(L/2− z)[
R2 +(L/2− z)2 +ρ2−2Rρ cosα]3/2
+
R(L/2+ z)[
R2 +(L/2+ z)2 +ρ2−2Rρ cosα]3/2 dRdα
A(ρ) =− µ0
4pi
M
2pi∫
0
a∫
0
− R(2ρ−2Rcosα)
2
[
R2 +(L/2− z)2 +ρ2 +2Rρ cosα]3/2
+
R(2ρ−2Rcosα)
2
[
R2 +(L/2+ z)2 +ρ2−2Rρ cosα]3/2 dRdα
(3)
where a is the radius of the magnet. Finally, the magnitude of
the magnetic field in units of weber (Wb) at a given point can
be calculated as:
Btot =
√
A(Z)2 +A(ρ)2 (4)
1) Force Calculation: We assume that two forces FN ,Fµ
are applied at the end of the cylinder. These forces are
perpendicular to each other. Due to the tangential force Fµ ,
the cylinder bends δ at the end. When there is a relative
motion, this bending force can be assumed to be equal to
the friction force between the soft cylinder and the contact
surface. The force FN , which is normal to the contact surface,
is compressing the soft cylindrical beam to a depth of d. We
assume that the soft cylinder behaves like a cantilever elastic
beam (Fig. 4(b)). We then write the compression and bending
equations as follows:
FN =
EA
L
d (5)
The tangential force Fµ is calculated from the bending formula
as:
Fµ = 3EI
δ
l3
, (6)
where A,E,L, I are the cross sectional area of beam, the
Young’s modulus of the soft material, the natural length of
beam and the moment of inertia of the cross section of the
cantilever beam. The cross sectional area of the cantilever
beam is calculated as:
A= pi
[(
D
2
)2
−
(
D
2
−d
)2]
, (7)
where D is the diameter of the cantilever beam and d is the
deformation of the contact point in the z direction.
2) Displacement Calculation: Due to the normal and tan-
gential (frictional) force FN ,Fµ , the end of the soft cylinder
moves x,y,d from the initial position, causing the magnet to
move ∆x,∆y,∆z. Then, from geometric relations we find:
∆x=
[
(L−d)− (∆z+ e+d)
(L−d)
]
x ,
∆y=
[
(L−d)− (∆z+ e+d)
(L−d)
]
y ,
∆z= l+d− e ,
where e is the unstressed distance from the end of the
cantilever beam to the center of the magnet. The coordinates
of the Hall sensors (S1,S2 and S3) can be written from the
magnet coordinate system (φ ,ρ,Z) for figure 4(b) as:
S1 : (φ1, l,
√
∆x2 +∆y2)
S2 : (φ2, l− c,
√
∆y2 +( f +∆x)2)
S3 : (φ3, l− c,
√
∆x2 +( f +∆y)2)
As the magnet has a symmetry around its z axis, the
magnetic flux around axis at a distance of (ρ,Z) is the
same for a given φ . Therefore, φ1,φ2,φ3 are ignored in these
calculations.
IV. SIMULATION RESULTS
In order to develop the look up table that contains magnetic
field values induced near sensors 1, 2, and 3 for a given
displacement of the magnet, a numerical simulation was
carried out. The parameters for the Eqs. (3) and (4) are given
in table II. Figure 6 represents the value of the magnetic fields
near sensor 1 (Z direction), sensor 2 (X direction) and sensor 3
(Y direction) for the displacement in the horizontal directions
and a contact depth d = 1 mm calculated by Eq. (3) and (4).
Similarly, the magnetic field values for a contact depth d up
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TABLE II
PARAMETERS FOR SIMULATION
Parameter value
Diameter of cantilever beam (D) 8 mm
Length of cantilever beam (L) 9 mm
Distance of Hall sensors in directions x,y from z ( f ) 5m˙m
Young’s Modulud (E) 1 MPa
Volume magnetization (M) 1
Permeability - of air/vacuum (µ0) 4pi×10−7 H/m
Fig. 7. Experimental setup
to 3 mm and horizontal displacements x,y between −3 mm to
3 mm were calculated and saved as a look up table. The values
were conducted in steps of 0.01 mm.
From Fig. 6, it is noticed that if the magnet displaced in a
3D space, the set of magnetic field values near three sensors,
are unique to each location. Therefore, if magnetic field at the
three locations are matched with the above developed look up
table, the displacement of the magnet, and then the displace-
ment of the end of the cantilever beam can be calculated.
Finally, the normal and tangential force is calculated using
Eq. (5), and (6).
V. EXPERIMENTAL VALIDATION
A. Experimental setup
The experimental setup is shown in Fig. 7. The system
consists of a soft tactile sensor rigidly fixed to the vertical
linear stage of the XY table (Suruga Seiki KXL06100-C2-F)
using a Tech Gihan (USL 06-H5-50N-C) force sensor. The
vertically moveable linear stage is fixed to a horizontal linear
stage. Both stages allow the tactile sensor to move in the x
and z directions. The linear stages have a step size of 4 µm.
The force sensor is capable of measuring the forces in three
dimensions. The force sensor has an amplifier of its own, and
the processed signal is sent to a National Instruments NI9205
analog to digital converter.
The linear stages and the AD converters are connected to
a computer and controlled through LabView software. The
data retrieval and the linear stage motion are synchronized
by the software. The sampling rate of the AD converter is
1000 Hz. For most of the tests, the output signal is filtered
using a 500 Hz cut off frequency low pass and an average
filter.
From calibration tests, we found that Hall sensor has a
conversion factor of 6.463× 105 V/Wb (volts per weber).
Therefore, by measuring the sensor’s output voltage (offset
Fig. 8. Normal force FN vs. z directional displacement
compensated), we could measure the magnetic flux induced
by the magnet at the location of the sensor. The Hall sensor
offset voltage was 2.87 V for sensor 1 and was subtracted from
the sensor output voltage value. This offset value is unique to
each sensor and depends on the Hall sensor and the initial
distance of the sensor from the permanent magnet.
B. Experiments and Simulations
For the experiments, a normal force FN was applied by
pushing the soft tactile sensor onto a hard surface for a depth d.
The sensor was stationary in the horizontal direction (Fµ = 0).
After waiting for 30 s for the sensor value to settle, the force
was measured using the force sensor. The displacement was
measured using the encoders in the linear stage. The voltage
output of the three Hall sensors VSx ,VSy ,VSz were recorded for
each step of the normal force FN and the deformation d. The
depth of the contact was changed with steps of 4 µm. The
average of the voltages for the increase in depth and decrease
in depth were calculated and saved in a table. Ten trials were
carried out and the average values of these trials were taken
for the calculations.
In order to validate the sensor behavior, numerical simula-
tion values and experimental results were compared. Figure 8
represents the measured normal force FN and the calculated
normal force from the Eq. (5). The calculated values and the
experimental values behaved similarly up to a contact depth
of d = 3 mm. The contact depth of 3 mm was chosen as the
limit. This was needed in order to limit the deformation of
the soft material. The maximum error between the calculated
and the actual force values was less than 5%. This suggest
that for normal load calculations the assumption of an elastic
beam under compression was valid.
Next, for a given normal force FN , the displacement of the
magnet in the z direction was calculated, and using Eq. (3), and
(4), the magnetic field was calculated. Subsequently, this value
was converted to sensor voltage by multiplying the magnetic
field value by the Hall sensor conversion factor. The results
of the normal force vs sensor voltage are presented in Fig.
9. It can be noted that the calculated voltage and the actual
voltage have similar trends yet the deviation is increases with
the normal load yet error was under 5% of the maximum
measurement.
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(a)
(b)
Fig. 6. Sensor values calculated from the above simulation (a) sensor 1 values for x,y= -3 : 3 mm, z= 1 mm (b) sensor 2, and sensor 3 values for x,y= -3 : 3 mm,
z= 1 mm
Fig. 9. Normal force FN vs. sensor 1 voltage
Similar to normal force FN , the tangential force Fµ was
calculated using Eq. (6). The actual horizontal force was
measured using the force sensor that was fixed to the bottom
contact surface (Fig. 10). The measurement of the horizontal
deformation δ posed a problem, as this was affected by the
frictional coefficient of the bottom contact surface and the
slippage between the palate and the tactile sensor. Therefore,
in order to obtain an relatively accurate result, the deformation
caused by the dynamic frictional force at the moment of
slipping was used. The deformation was measured by visual
odometry (Fig. 10). Again, ten trials were conducted, and the
average of the values were taken for the calculations.
Figure 11, shows the relationship between the horizontal
displacement δ and the horizontal force Fµ . For a horizontal
displacement of up to 3.1 mm, the simulated value and the
actual values have similar trends. The measured force had an
error much larger than expected. This error can be acceptable
Fig. 10. Setup used for the calculation of the displacement in the horizontal
direction. Displacement in the x direction δ is measured by processing the
image and measuring the distance between the initial and final position of the
feature point.
as this was an prototype system and the deformation of the
beam could not be accurately measured from visual odometry.
C. Frequency response
In order for this sensor to be used as a tactile sensor in
robotic hands, the sensor should be able to measure vibrations
up to 500 Hz [13]. Thus, the sensor was subjected to vibrations
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Fig. 11. Horizontal force Fµ vs. x directional displacement
Fig. 12. Normal force FN vs. z directional displacement for materials with
different stiffness
of up to 600 Hz using a vibration table. The sensor was
sensitive enough to sense vibrations up to and over 600
Hz. Calculations that used the principle of undamped natural
frequency of a mass-spring system indicated that natural
frequency of the sensor was approximately 970 Hz, which is
above the sensor functioning region.
VI. DISCUSSION
This paper introduces the initial prototype of a soft force
sensor and its modelling in order to calculate normal (FN)
and tangential (Fµ ) force components. The deformation of the
sensor’s soft embodiment due to the above forces is calculated
indirectly by measuring the magnetic field variation of a
permanent magnet embedded in the soft embodiment. The
magnetic field around the space of the magnet is calculated
numerically and stored in the system as a lookup table. The
magnetic field of three fixed locations are measured using
Hall sensors. When the magnet displaces from its initial
Fig. 13. Hysteresis of the sensor in the normal direction (Z)
location, the magnetic field values around the fixed locations
change. The new magnetic field values are measured using
the Hall sensors and the three value set is matched with
the numerically calculated value set (lookup table) and the
location of the magnet relative to the three fixed locations
are retrieved. Next, using trigonometry, the displacement of
the free end of the cylindrical soft embodiment is calculated.
As the cylindrical embodiment is assumed as a cantilever
beam under compressive and bending forces, using spring
theory and bending theory, the normal FN , and tangential Fµ
force is calculated. Initially this calculations were carried out
post process. The results show that the normal force FN and
tangential force or friction force Fµ can be measured using
this sensor accurately. The force sensor has the ability to
measure dynamic loads, making it suitable for tactile sensing
applications. The proposed mathematical model describes the
sensor behavior well. Therefore, the simulated results can be
used in constructing the look up table for the sensor. This
is an advantage compared to many other soft tactile sensors,
where the mathematical representation of the sensor behaves
differently than the actual sensor.
The sensitivity of the sensor depends on the stiffness of the
soft material. As seen in Fig. 12, by changing the material,
the sensitivity of the sensor can be changed. For a Young’s
modulus of E = 1 MPa, the maximum force that can be
measured with an error less than 5% is 3.0 N, while for a
modulus of 5 MPa, it is approximately 9 N. If the modulus is
increased to 10 MPa, the maximum force measurable increases
to approximately 18 N. Therefore, this sensor could be used to
measure small and large forces just by changing the stiffness
of the sensing element.
Figure 13 shows the maximum hysteresis of the sensor.
The maximum hysteresis value is within 10% of the full
scale value. The hysteresis of the sensor depends on the
damping of the soft embodiment. In our calculations the soft
material is assumed perfectly elastic having no damping. This
assumption has made the calculations simple. The material
selected showed minimum damping making the simulated and
calculated values within acceptable range.
According to the Eq. (3), the magnetic field of a permanent
magnet is dependent on the distance of the point. Additionally,
as per the equations, it is noted that the both components
(A(ρ),A(Z)) of the field calculation act significantly. To sim-
plify the calculations, the orientation (yaw, pitch and roll) of
the magnet is ignored. We believe that this assumption has
led to most of the deviations in the magnetic flux calculations
(see deviation in Fig. 11). Currently, the system does not
include calculation of roll and pitch but if these components
are added, the calculations will be more accurate. Additionally,
the deviation in Fig. 11 can be caused by the error in
measuring the horizontal displacement using visual odometer
as the minimum displacement measurable was approximately
0.125 mm.
The concept of magnetic field measurement of a permanent
magnet as the transduction principle has made the sensor
robust. As the sensitive and fragile components (Hall sensors)
are away from contacting with the external force, these compo-
nents are safe from excessive loads. Additionally, as there are
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no electrical connections inside the soft embodiment, sensor
has the ability to deform and come to its initial shape after
the forces are removed. Finally, the modular behavior of the
components of the sensor make it easy to change the sensitivity
(by changing the stiffness of the soft embodiment), easy to
repair, and due to the use of inexpensive components, dispos-
able. Therefore this sensor provides an inexpensive solution
for bio-medical applications as well as robotic applications in
tactile sensing.
VII. CONCLUSION
This paper presents the development of a mathematical
model to a soft three axis force sensor. The prototype force
sensor was assumed as a soft cantilever beam under a compres-
sive and bending load. Normal force acting on the sensor was
considered as the compressive force while the tangential force
was considered as bending force. The displacement of the free
end of the beam was obtained by analyzing magnetic field
variations at three fixed locations due to the displacement of a
permanent magnet which was embedded in the soft cantilever
beam. Using spring theory and bending theory, the normal
and tangential forces were calculated. The experiment results
and simulation results were significantly similar to each other
concluding that the assumptions made at the development
of the sensor model were valid and the proposed analogy
of the sensor soft embodiment to a compressive and a bent
cantilever beam was valid. Furthermore, the simplification of
the magnetic field calculations of a cylinder by removing
the yaw, pitch and roll effects did not affect the accuracy
of the normal force measurement of the sensor significantly.
The modelling theory used in this paper shows promise in
calculating forces accurately for a force sensor embodying a
soft elastic element as the structure used for measuring forces
applied normal and tangentially to the sensor.
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